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aeronautic symbols 

1. FUNDAMENTAL AND DERIVED UNITS 



Symbol 

Metric 

English 

Unit 

Abbrevi^ 

tion 

Unit 

Abbrevia- 

tion 

Length 

Time 

Eorce— — 

1 

t 

F 

meter 

second 

weight of 1 kilogram 

m 

s 

kg 

foot (or mile) 

second (or hour) 

v/eight of 1 pound 

ft (or mi) ^ 
sec (or hr) 
lb 

Power 

Speed 

P 

V 

horsepower (metric) 

fkilometers per hour 

\meters per second 

kph 

mps 

horsepower 

miles per hour 

feet per second — -- - 

mV 

fps 


2. GENERAL SYMBOLS 


p Kinematic viscosity 

p Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m“*-s^ at 15° G 


and 760 mm; or 0.002378 Ib-ff * sec 


Weight=m^ 

Standard acceleration of gravity=9.80665 m/s 
or 32.1740 ft/sec* 

Mass=— Specific weight of “standard” air, 1.2255 kg/m* or 

Moment of inertia=TO4*. (Indicate axis of. 0.07651 Ib/cu ft 
radius of gyration k by prop^ subscript.) 

Coefl&cient of viscosity 

3. AERODYNAMIC SYMBOLS 


Area 

Area of wing 
Gap 
Span 
Chord 




Aspect ratio, 

True air speed 
Dynamic pressure, 

Lift, absolute coefficient Cl=-^ 

Drag, absolute coefficient 

Profile drag, absolute coefficient 

Induced drag, absolute coefficient 

Parasite drag, absolute coefficient 

Cross-wind force, absolute coefficient 


D, 


C 


%\o 

it 

Q 

Q. 

B 


a 

e 

ao 

'Xi 

(Xa 


Angle of setting of wings (relative to thrust line) 
Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds number, p— where Z is a linear dimen- 


sion (e.g., for an airfoil of 1 .0 ft chord, 100 mph, 
standard pressure at 15° C, the corresponding 
Reynolds number is 935,400; or for an airfoil 
of 1.0 m chord, 100 mps, the corresponding 
Reynolds number is 6,865,000) 

Angle of attack 

Angle of dowTiwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 

Fhght-path angle 
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A THERMODYNAMIC STUDY OF THE TURBOJET ENGINE 

By Benjamin Pinkel and Irving M. Kabi> 


SUMMARY 

('harts are presented for computing thrust, fuel consumption, 
and other performance values of a turbojet engine for any given 
set of operating conditions and component efficiencies. The 
effects of pressure losses in the inlei duct and the combustion 
chamber, of variation in physical properties of the gas as it 
passes through the system, of reheating of the gas due to turbine 
losses, and of change in mass flow by the addition of fuel are 
included. The principal performance chart shows the effects 
of primary variables and correction charts j)rovide the effects of 
secondary vatiables and of turbine-loss reheat on the perform- 
ance of the system . 

In order to illustrate some of the turbojet-engine-performance 
characteristics, the thrust per unit mass rate of air flow and the 
specific fuel consumption are presented for a wide range of 
flight and engine operating conditions. It is shown that 
although thrust per unit mass rate of air flow increases with 
increased combustion-chamber-outlet temperature, an optimum 
combustion-chamber-outlet temperature exists for minimum 
specific fuel consumption. This optimum temperature, in 
some cases, may be less than the limiting temperature imposed 
by strength-temperature characteristics of current materials. 

The influence of characteristics of a given compressor and 
turbine on performance of a turbojet engine containing a matched 
set of these given components is discussed for cases of an engine 
with a centrifugal-flow compressor and of an engine with an 
axial-flow compressor. 

INTRODUCTION 

Some tliermodynainic studies have been made of turbojet 
engines in wbicli equations or charts for obtaining tlie engine 
performance are presented and in which performance trends 
are indicated (references 1 to 4). A study of design and stress 
limitations relating to turbojet engines is given in reference 
5. The purpose of the present report is to provide charts 
in which a factor indicative of engine performance is given 
in terms of primary flight and engine operating parameters. 
From these charts, the engine performance for a given set 
of prinniry parameters can he quickly evaluated and an in- 
sight is provided into the degree of change of performance 
po.ssible through change in the parameters. The principal 
peifoimance chart contains only the primary parameters. 
The effects of secondary parameters are introduced through a 
correction factor given in a correction chart. | 


An insight into some of the performance characteristics 
of the turbojet engine is obtained from calculated results 
showing the effects of varying combustion-chamber-outlet 
temperature and comjiressor pressure ratio on thrust per 
unit mass rate of air flow and specific fuel consumption. 
These results are for constant component efficiencies and for 
a range of flight-speed and altitude conditions. 

Also discussed herein is the matching of components of a 
turbojet engine. Calculated results that illustrate how the 
performance characteristics of a given turbojet engine are 
related to the performance characteristics of its components 
are presented. Two engines are used in this study, one with 
a centrifugal-flow compressor and one with an axial-flow 
compressor. The manner in which the performance of each 
engine varies as engine operating conditions vary from the 
design point is also illustrated for the cases of the engine with 
a fi.xed-arca e.xhaust nozzle and of the engine with a variable- 
area exhaust nozzle. 

SYMBOLS 

The significance of the symbols appearing in the charts and 
in the subsequent discussion is as follows: 

An effective exhaust-nozzle area, (sq ft) 

(For an isentropic e.xpansion in exhaust nozzle, 
flow through area is equal to actual mass 
flow through nozzle.) 

a,b,c factors that measure effects produced byjsecondary 
variables 

B ratio of compressor tip speed U to turbine-blade 
speed u 

C„ velocity coefficient of exhaust nozzle 
Cp.a specific heat of air at constant pressure at’To=519° R,. 
7.73 (Btu/(slug)(°F')) 

Cp.g average specific heat at constant pressure"of 'exhaust 
gases during expansion process, (Btu/(slug)(°F)> 
(This term, when used with temperature change 
accompanying expansion, gives change in enthalpy 
per unit mass.) 

F net thrust, (lb) 

/ fuel-air ratio 

h lower heating value of fuel, (Btu/lb) 

J mechanical equivalent of heat, 778 (ft-lb/Btu) 

Kc conqn-essor slip factor, equal to ratio of compressor- 
shaft power per unit mass rate of air flow to square 
of compressor tip speed, 550 PJMaU^ 
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mass rate of air flow, (slug/sec) 
mass rate of gas (low through turbine, (slug/scc) 
compressor-shaft liorsepowcr input 
turbine-shaft horsepower output 
ambient-air jiressure, (Ib/sq ft absolute) 
total pressure at compressor inlet, (Ib/sci ft al)soluto) 
total pressure at compressor outlet, (Ib/sq ft absolute) 
total pressure at turbine inlet, (Ib/sq ft absolute) 
static pressure at turbine outlet, (Ib/sq ft absolute) 
drop in total pressure through inlet duct, (Ib/sq ft) 
dro]) in total ])ressure through combustion chamber due 
to mechanical obstruction of burners and momen- 
tum increase of gases during combustion, (Ib/sq ft) 
ratio of drop in total pressure in combustion chamber 
to total ])ressurc at conqiressor outlet, Ipijlh 
ambient-air temperature, (°K) 
comjiressor-inlet total tenqierature, (°h) 
compressor-outlet total tenqierature, (°K) 
combust ion-chambcr-outlct total tenqioiatuic, ( K) 
net thrust liorsepowcr 
com])ressor tip speed, (ft/sec) 

turbine-blade speed measured at turbine jrilch line, 
(ft/sec) 

jet velocity, (ft/sec) 

increase in jet velocity due to elfect of turbme-loss 
reheat, (ft/sec) 
airplane velocity, (tt/sec) 

theoretical turbine-nozzle jet velocity corresponding 
to isentropic ex|)ansion of gas from turbine-inlet 
total pressure and temperature to turbine-outlet 
static pressure, (ft/sec), 




2Jc„ 




axial component of gas velocity at turbine outlet, 


(ft/sec) 

mass flow of fuel, (Ib/hr) 

ratio of conqiressor jiressure I'atio P 2 IV 1 f® reference 
])ressure ratio (p 2 /Pi)re/ 

ratio of ram temperature rise to ambient-air tempera- 
ture, Vo^l2jCp,aTa 

ratio of compressor-shaft power per unit mass rate ol 
air (low to enthalpy of slug of air at temperature 
To, 550 PJMaJcp.aTo 

ratio of speeilic heats of air, 1.4 

average value of ratio of specific heats of exhaust gas 


during exiiansion process 

ratio of ])ressure at any point being considered to 
standard sea-level pressure of 2116 pounds per 
square foot, that is, 5o~Po/2H6, ^i Pi/2116, 
and so forth 

correction factor that accounts for over-all effects pio- 
duced by secondary variables 
combustion efficiency equal to ideal fuel-air ratio re- 
quired to obtain temperature rise in combustion 
chamber from to T, divided by actual fuel-air 
ratio 




Vc.p 


Vt 


Vt.s 


compressor adiabatic efficiency, that is, ideal power 
required in adiabatically coinjiressing air from 
comjiressor-inlet total tcm])erature and pressure 
to compressor-outlet total pressure divided by 
eoinjiressor-sliaft jiower 

compressor iiolytropic ediciency equal to logarithm of 
actual pressure ratio divided by logarithm of isen- 
tro])ic ju'cssure ratio that corrcsjionds to actual 
temperature ratio 

turbine total efficiency, that is, turliine-shaft power 
divided by ideal power of gas jet expanding 

adialiatically from turbine-inlet total pressure and 
tcm])erature to turbine-outlet static ])ressure less 
kinetic ])ower corresponding to average axial ve- 
locity of gas at turbine outlet, 

550P, 

T 

turbine-shaft efficiency, that is, turbine-shaft power 
divided by ideal power of gas jet expanding 

adiabatically from turbine-inlet total pressure and 
temperature to turbine-outlet static jiressure, 
5.50P, 


ratio of temperature at any point being considered to 
standard sea-level temperature of 519° II, that is, 
6»„=7o/ 519, 0i=r,/519, and so forth 


(p 2 /p:)re/=[( j 1^) Vcni^ 

When variation in e with pressure ratio is negligible, then 
{lhhh)rer is I'qual to compressor ])ressure ratio for maximum 
thrust per unit mass rate of air flow. 


METHOD OF EVALUATING TURBOJET-ENGINE 
PERFORMANCE 

ANALYSIS 

A schematic diagram of the turbojet engine considered is 
shown in figure 1 . Air enters the inlet duct and passes to the 
compressor inlet. Tart of the dynamic ])ressure of the free- 
air stream is converted into static pressure at the compressor 
inlet by the diffusing action of the inlet duct. The air is 
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further compressed in passing through tJie comj)ressor and 
enters the combustion chamber where fuel is injected and 
huriied. The products of combustion then pass through 
the turbine nozzles and blades where an appreciable drop in 
pressure occurs and finally are discharged rearwardly through 
the exhaust nozzle to provide thrust. 

The variables afl‘ecting the performance of the turbojet 
engine are divided into a primaiy group and a secondary 
group. The variables of the primary group are shown on 
the principal chart for determining the performance of the 
engine. The variables of the secondary group are shown on 
a correction chart for determining the factor e, usually close 
to unity, which also ai)pears as a variable on the principal 
performance chart. 

The primaiy grouj) of vaihibles consists of: 

(a) Compressor adiabatic efficiency rjc 

(b) Turbine total efficiency 77^ 

(c) Burner efficiency rjo 

(d) Exhaustmozzle velocity coefficient which includes 

losses in tail pipe 

(e) Airplane velocity Vo 

(f) Compressor total-pressure ratio /V/ii 

(g) Ambient-air temperature Tq 

(h) Combustion-chamber-outlet total temperature J\ 

The secondary grou]) consists of: 

(a) Ratio of total-pressure drop through inlet duct caused 

by friction and turbulence to compressor-inlet total 
pressure ^PaJlh 

(b) Ratio of total-pressure drop through combustion 

chamber caused by mechanical obstruction of 
burners and l)y momentum increase of gases during 
combustion to compressor-outlet total pressure 
^P2lP2 

(c) Effect of difference between physical ])roperties of cold 

air and hot exhaust gases during expansion pro- 
cesses 

(The eflect of change in s])ecific heat of gas during 
other processes is included in the charts.) 

Charts are presented from which thrust, thrust horsepower, 
and fuel-air ratio can be evaluated for various combinations 
of design and operating conditions. The equations from 
which the charts were prepared are listed in appendix A 
and are derived in appendix B. The following equations 
used in combination with the charts give the performance 
of the turbojet system. 

The net thrust of the turbojet engine, when the effect of 
the added fuel is neglected, is given by tlie equation 

F=Ma{Vj-Vo) (la) 

When the efi*ect of added fuel is included, the thrust is 

given by 

F=Ma(Vj- Vo) +/MaVj (lb) 

The net thrust horsepower t/ip is expressed as 

thp = FVol 550 (2) 

The compressor-shaft horsepower is given by 
Po= MaJc,,a ToZ/550 = 5675 MaZ To/ 5 1 9 


The compressor-inlet total temperatuz-e is obtained from 
T,/To=l + Y (4) 

The fuel consumption per unit mass rate of air flow is 
given in terms of the fuel-air ratio by the following relation: 

B7/Af^= 11 5,920./ (5) 

mSCUSSION OF CHARTS 

By means of equations (1) to (5) and the curves of figures 2 
to 7, the ]zerformance of the turbojet engine can be readily 
determined. The curves are given in a form that shows the 
efl'ects of the variables on performance. In figures 2 to 4 
are shown curves for evaluating some of the primary param- 
eters that are used in the principal performance charts 
figure 5 (a), from which the jet velocity is determined. The 
fuel-air ratio is evaluated with the use of figures 6 and 7. 

Curves for obtaining the flight Mach number, the values 
of Y, and the comjzressor-inlet total pressure for various 
values of the factor Vo^5\0/To are shown in figure 2. The 
compressor-inlet total temperature is obtained from the value 
of Y and equation (4). 

The value of e, which accounts for the effect of the secondary 
group of variables, is obtained from figure 3. The quantity e 
is given by the relation 

e=\—a — h~\-c 

Factor a, wiiich gives the effect of total-pressure drop 
through the inlet duct Ap^, is shown in figure 3 (a). Factor 
6, which measures the effect of total-i)ressui*e drop through 
the combustion chamber Ap2, is introduced in figure 3 (b). 
Factor c, which corrects for the difference between the 
physical ])roperties of the hot exhaust gases and the cold air 
involved in the computation of the expansion processes 
through the turbine and the exhaust nozzle, is given in 
figure 3 (c). In general, the value of e is close to unity and 
can be taken as equal to unity when a rapid approximation is- 
desired. In some cases, a change in e of 1 percent may,, 
however, introduce a change of several percent in the thrust. 

The compressor total-pressure ratio is jzlotted against the 
(luantity rjcZ/(l-j-Y) in figure 4. The compressor-shaft 
horsepower (and hence the turbine-shaft horsepower) is 
computed from equation (3) and the value of Z. The effect 
of tlie valuation in specific heat of air during compression is 
neglected in this plot, the maximum error in Z introduced 
being about 1 percent for the range of compressor pressure 
ratios shovm in figure 4 and for compressor-inlet tempera- 
tures up to 550° R. 

The value of {p^i/puref plotted against the factor 

T f 1 

is also given in figure 4. The quantity 

{V 2 lPi)ref i^ useful in that it is the compressor pressure ratio for 
maximum thrust per unit mass rate of air flow for any given 
T 

values of 77^77/6 J and F, provided that the change in e with 
±0 ® 


( 3 ) 


Flight Mach number 


2.0 



2000 


.80 9.0 


.70 6.0 


.60 7.0 


50 6.0 c, 

§ 

^ I 


40 5.0 


30 4.0 


.20 3.0 


JO 2.0 


Hi O 1.0 

2400 



4.0 0 



Vo V 5 19/ To , ft/sec 


Figure 2.— Chart for determining lligiit Macli number, Y, and comprcssor-inlot total pressure for various airplane velocities and 

ambient temperatures. 


(a) Correction a. 

(b) C’orrectioii b. 

(c) ('‘orreclioii c. 

Figure 3.— Chart for deteriiiining factor e. (e = 1 -«-6-|-c) 
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Figure 4.-Chart for determining reference compressor pressure ratio for various values ofi.-I.e and for determining 

ratio P 2 /P 1 . 


various values of compressor pressure 


(A 24-in. by 24-in. print of this chart is available upon request from NACA.) 


clniiv^G in pivssure ratio is nogligiblo. In a system where the 
pressure losses are low, the value of e is close to and generally 
slightly greater than unity and varies inappreciably witli 
W/b- When the change in e with /V/b is appreciable, then 
iP 2 lpi)ref differs slightly from the comi)ressor pressure ratio 
giving maximum thrust per unit mass rate of air flow. Even 
in this case, however, the thrust per unit mass rate of air flow 
corresponding to (p 2 lpi)ref is generally within 1 percent of the 
true maximum. Hence, figure 4 permits a rapid ai)proxima- 
tion of the pressure ratio for maximum thrust per unit mass 
rate of air flow. The actual compressor pressure ratio p 2 /pi 
divided by the quantity (p2/7b) re/ defines the value of A’' used 
in figure 5 (a). 


The curves in figure 5 (a) are used to determine the jet- 
velocity factor various values of the pa- 

rainetors 77,77,6 F„V519/7'o, and A' or 1 /A. WIkmi A'is less 

J 0 

than unity, the value of l/X is used l)ecause A" occurs in 
e(juation (B43) (appendix A) for figure 5 (a) only in the 


— 1 


— 1 


quantity (A’^) ” • Corresponding to the values of 


T, 


VeVt^ rp ^ point on the left-hand set of curves 

0 

is determined; then progressing horizontally across the chart 


Vj Vrjc ysJWTo of Vo of 0, ff/sec 


P 


a> 



(a) K fleet of turbine-loss reheat in further expansion from turbine-outlet static pressure to ambient pressure is neglected. 

Figure 5.— Chart for determining jet velocity. 

(This chart has been divided into two sections, 18 in. by 41 in. and 20 in. by 41 in., and is available upon reipiest from NACA.) 
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to tlie desired Vo 19 / To line, a second point is located on 
the right-hand set of curves. Tlie value of the jet-velocity 

factor value of the lower ab- 

scissa of the second point. At zero flight speed, the jet- 
velocity factor is read directly as the ordinate of the first 
point located on the left-hand set of curves. The thrust can 
then be computed from the value of Vj and equation (la). 
As previously mentioned, the value of A" is found by dividing 
the compressor pressure ratio P2IV1 ^>7 Hie value of {p2l'P\)ref 
obtained from figure 4 corresponding to the values of the 
parameters rjcy vt, e, T4, Tq, and Y being considered. 

In figure 5 (a) for given values of ry,, T4, 7 ^, and T, if e 
remains constant as p2/P\ (or A) varies, then the variation 

T 

of Vj with P2IVX occurs along a constant rjcVt^ rp line. For 

-^0 

this case {p2lVi)refi which is a function of e, remains constant 
and the maximum value of Vj occurs at a value of P2IV1 
equal to {p2lp\)ref- Actually, however, as p2jpi varies, the 

T 

value of € changes slightly and hence y]crue y changes, with 

the result that the variation in Vj with P2IP1 does not occur 

T 

along a constant ^ line. Also {p2lpi)rer is no longer 

constant as p2hh varies and the value of A' at any given 
P2IP1 must be evaluated using the {p2lpi)ref value determined 
at the given P2IP1. For this case of varying e, the value of 
{P2lp\)ref evaluated at any P2IP1 is a close approximation to 
the pilpi giving maximum Vj. 

For a case in which ry^ varies with P2IPU similar considera- 
tions apply as for the case of e varying with P2lp\^ 

As an example of the use of figures 2, 4, and 5 (a) for a 
rapid approximate computation of the thrust per unit mass 
rate of air flow F/iV/a, a case is considered in which the 


following conditions arc given: 

Exhaust-nozzle velocity coefficient, Cr 0. 95 

Compressor adiabatic efficiency, rjc 0. 85 

Turbine total efficiency, rjt 0. 90 

Turbine-inlet temperature, T^, °R 2000 

Ambient-air temperature. To, 500 

Airplane velocity, ft/sec 733 

Compressor pressure ratio, P2/V1 4 

From the assumptioji that 6 is equal to 1, FjMa is then 
evaluated using these given quantities as follows: 

FoV^lQ/To, ft/sec 747 

Y (from fig. 2) 0. 089 

T, 

Vcrjte 3. 06 

T4/ 1 V 

2.58 

(P2lpi)ref (from fig. 4) 5. 25 

VX={p 2 /pi)rJ{p 2 lpi) 1. 31 

2000 

Fy, ft/sec 2132 

F/Ma (from equation (la)), lb/ (slug/sec) 1399 


Subsequent charts and discussion introduce corrections 
that permit a high degree of accuracy when desired. 

The losses in kinetic energy in the turbine passages appear 
as heat energy in the gas leaving the turbine. This energy 

834074— 49 2 


will be termed ^Turbine-loss reheat. In the further expan- 
sion of the gas in passing through the exhaust nozzle, some 
of the turbine-loss reheat is recovered as additional kinetic 
energy of the jet. If, however, the velocity at the turbine 
outlet is substantially equal to the final jet velocity, no 
further expansion occurs and no kinetic energy is recovered 
from the turbine-loss reheat. The curves of figure 5 (a) 
correspond to this case. The ratio of the increase in jet 
velocity to the final jet velocity AVjJVj (Vj determined from 
fig. 5 (a)), obtained when the velocity at the turbine outlet 
V5 is less than the final jet velocity, is shown in figure 5 (b). 
The curves presented in this figure are based on a value of 
specific heat at constant pressure for exhaust gas equal to 
8.9 Btu per slug per 



(b) Correction to jet velocity due to reheat in turbine. (cp,g, 8.9 Btu/(slug)(°F)) 
Figure 5. — Concluded. Chart for determining jet velocity. 

Wlien CpV^IVj is 1, then for all values of turbine total 
efficiency AVjjVj is 0 (fig. 5 (b)). Also, AVjjVj approaches 
0 as turbine total efficiency approaches 1 for all values of 
OpV-JVj because turbine-loss reheat approaches 0 with in- 
crease in turbine total efficiency. 

For a given turbine total efficiency, the smaller the value 
of CpVJVjy the greater is the recovery of turbine-loss reheat 
as is evident from figure 5 (b). Decrease in turbine-outlet 
velocity V^ is obtained by an increase in annular area swept 
by the turbine blades. Blade stress is one of the principal 
limitations on blade height and thus on blade-annulus area. 

The compressor-outlet total temperature T2 plotted 
against the factor To(l + T+^) is shown in figure 6. This 
curve includes the variation in specific heat of air during 
compression and was computed using reference 6. The 
variation in specific heat is accounted for in this case, whereas 
it is neglected in figure 4 because the error introduced in the 
evaluation of the temperature rise during compression by the 
assumption of a constant value of specific heat is much 
greater than the error introduced by the same assumption 
in the evaluation of the compressor power. 
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Tlu‘ fu(‘l-air-rali() factor t]J is ])lotl(Ml in fi^-urc 7 against 
(lotal-t(‘inp('ral lire rise in coniliiist ion cliainber) ior 
various values of 7\. Tlu'se curves were hasial on lli(‘ latest 
available' information on s|)('cific beats of air and ('xbaust- 
gas inixturi's (n'feri'iici' 7) and are lor a fuel baving a lower 
lu'ating value' h e)l 1<S,90() Btu ])er ])e)unel anel a bydreige'ii- 
carbein ratie) e)f 0.1 85. For fiu'ls baving oilier values of h, 
tbe value' of f given in ligure 7 is ceirrecteel aceuirate'ly b}" 
nuilt i])lying it by tbe fae'teir ]H^){)i)jh. Tbe'ellect of byelroge'ii- 
carbon ratiei of fue'l ein / is generally small, anel for a 
range' eif byeli‘e)ge'n-e*arbon ratios from 0.1(3 to 0.21, tbe error 
due to tbe' eb'viation freim tbe value of 0.185 is le'ss tban oiu'- 
balf of 1 ])ere*e'iit. Tbe' fue'l e*onsum])t iem ])er unit mass rate 


of airflow is obtaiiu'el from tbe value of/ anel equation (5). 

In tbe preea'eling eliscussion of tbe ediarts, tbe eflect ol tbe 
mass of injeedeel fuel was not mentioneel. It is sliown in 
apiienelix B that tbe effect of tbe aeleb'el fuel on tbe jet 
vc'locity earn be taken into ae*e*ount by substit uting tbe prod- 
ue*t of turbine total eflie'iene'V rjt anel (1+/) lor tbe value of 
y]t in tbe charts. Tliis adjustment occurs in ligure 4 in tbe 

factor -nc-n,t (]^}/ "liicli is used in fiiuliug ilh! 

and ill tlie factors ricV,( Vc/ V"'^’o 

Tlic value of Cj deterniined is then used in eiiuatiou (lb), 

wbicb inedudes effeed of aeleled fuel. 
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Figure 7. Chart for determining fuel-air ratio for various values of rise in total temperature through combustion chamber and values of 

CDmbustion-chamber-outlet total temperature, {h, 18,900 Btu/lb) 

(A 23-in. by 35-in. ja int of this chart is available upon request from NACA.) 
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EXAMPLE OF 13SE OF CHARTS 

The use of figures 2 to 7 in evaluating sueli performance 
values as compressor-shaft horsepower, fuel consumption, 
jet velocity, thrust per unit mass rate of air flow, thrust 
horsepower, and specific fuel consumption is illustrated in 
the following example. The method of a(‘counting for 
added fviel mass and turbine-loss reheat is also shown. The 
example is based on a system having the following engine 
and fiight operating conditions: 

1. Compressor adialiatic efncienc}*, r/c-- - 

2. Turbine total etriciency, r]t 

3. Combustion efficiency, rjh - 0. 97 

4. Kxhaust-nozzle velocity coefficient, C„ 0. 9(i 

5. Airplane velocity, Co, ft /sec — - 733 

6. Compressor total-])ressure ratio, V 2 /V 1 

7. Ambient-air pressure, po, ^ 

8. Ambient-air temperature, To, °H 

9. Combustion-chamber-outlet total temperature, °H- 19(10 

10. Total-pressure drop through inlet duct, Apa, in. Hg 0. 5 

11. Total-pressure drop through combustion chamber, Ap 2 , 

in. Hg _ 3 

12. Lower heating value of fuel, h, Btu/Ib 

Determination of Y and flight Mach number 

From items 5 and 8 

13. Vo^' old I To, ft/sec 

From item 13 and figure 2 

14. y - 

15. Flight Mach number. _ _ — 

Determination of Z and Pc 

Item 6 read on figure 4 determines 

0.669 

10. 

From items 16, 14, and 1 

17. Z 

Using items 17 and 8 in ecpiation (3) gives the compressor-shaft 
horsepower j)er unit mass rate of air flow 

18. Pc/M«, hp/(slug/scc) 

Determination of f and 11 r/Ma 


733 

0. 0861 
0. 656 


0. 908 


5153 


From items 8, 14, and 17 

19. To(i+y+z), ni 

Using item 19 and figure 6 

20. Tj, °1U- 

From items 20 and 9 

21. T 4 -T 2 , °F 

From items 21,9, and figure 7 

22 . vj 

Items 22 and 3 give 

23. / ; ; O' 

Because the lower heating value of the fuel i.s equal to 18,500 
Btu per pound (item 12), item 23 has to be multiplied by the 

18,900 , , 

factor — - and the adjusted value is 

18,500 


0 . 


24. / 

From item 24 and equation (5) 

25. ffVil/a, (lb/hr)/(slug/sec) 

Determination of factor e 

From items 7, 10, and 11 

26. Apdlpo 

27. Api/po 

From figure 2 and item 13 

Pi + Apd 
po 

and using item 26 with item 28 gives 

29. pi/po 

Using items 29 and 6 

30. P 2 /P 0 


0 . 


1035 

1025 

935 

01372 

01414 


01445 

1675 


0. 017 
0. 10 


28. 


From items 26 and 29 

0. 013 

whereas from items 27 and 30 

32 Avolv-i 

0. 013 

From items 14 and 16 

QQ V-4-r7.Z -- - -- 

. 0. 812 

Items 31 and 33 in figure 3 (a) give 

0. 005 

Using items 32 and 33 in figure 3 (b) gives 

_ . 0. 005 

When items 9, 24, and 30 are used in figure 3 (c) 

0. 035 

From items 34, 35, and 30 

37. <.= 1-0,005-0.005 + 0.035 

. 1. 025 


Determination of (po/pOre/ and .Y 

Using items 1, 2, 37, 9, 8, and 14 gives 
/ 1 \2 

38. VcVK jT 

From item 38 and figure 4 

39. (p2lpi)rcf 

From items 6, 39, and the definition of parameter X 

40. X ' 

Determination of Vj, F/Ma, and other performance param- 
eters when effects of added fuel and of turbine-loss 
reheat are neglected 

Using items 1, 2, 37, 9, and 8 gives 

I± 2. 787 

To 


_2. 363 


4. 50 


1806 

2044 

1311 

1747 
1. 278 
0. 959 


.1. 335 

1. 318 
7. 91 


41. rjcVie 

From items 41, 40, 13, and figure 5 (a), the jet-velocity factor is 

42. W- 

and from items 42, 1, 2, 4, and 8 

43. Uy, ft/sec 

The net thrust ])cr unit mass rate of air flow is obtained from 
items 43, 5, and equation (la) 

44. F/3/„, lb/ (slug/sec) 

The thrust horsepower per unit mass rate of air flow is calculated 
from items 44, 5, and ecpiation (2) 

45. thpIMaj thp/ (slug/sec) 

From items 25 and 44 

46. ^Vf|F, (lb/hr)/lb thrust 

and from items 25 and 45 

47. lU/Zf/jp, Ib/thp-hr 

Effect of mass of added fuel and of turbine-loss reheat on 

Vj and F/Ma 

When more accurate results are desired, the calculations 
arc made taking into account the effect of the mass of fuel 
introduced and the effect of turbine-loss reheat. The effect 
of the fuel on jet velocity is handled by substituting the 
product of the turbine total efficiency 77 , and ( 1 +/) for 
the value of tj,, which will now be done for the case just 

considered. 

From items 24 and 38 

48. Vcriie U+F/ 

From figure 4 the corresponding 

49. {p2lp\)ref 

From items 6 and 49 

50. X 

Similarly with the effect of fuel flow included, item 41 becomes 

51. T}cnt € ^ 2.827 

i 0 

so that from items 50, 51, 13, and figure 5 (a) 

52. V'f?’ — 

Again in order to account for the effect of fuel by an 
adjustment of the r\i term 


4.61 


1.30 


1832 
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53. Vj, ft/sec 2065 

which differs from item 43 by 1 percent. 

The effect of turbine-loss reheat may be imiiortant wlien 
rjt is considerably less than unity and the velocity at the 
turbine outlet is appreciably less tliaii the final jet velocity. 
In the example being discussed, the assumption is made 
that the tiu-bine is designed to have an outlet velocity 

54. U. 5 , ft/sec 700 

Then from items 4, 53, and 51 

55. C„Vs/Vi 0. 33 

From items 8, 9, and 17 

T 

56. 4.16 

Using items 2, 55, and 56 in figure 5 (b) gives 

57. AVjlVi 0. 012 

and from items 53 azid 57 

58. AT',-, ft/sec 25 

Using items 58 and 53 gives 

59. Corrected ft/sec 2090 

Thus in this case, turbine-loss reheat provides an additional 
1-percent increase in the value of T^,-. 

The thrust per unit mass rate of air flow is obtained from 
items 59, 5, and equation (lb) as 

60. F/Ma, lb/(slug/sec) 1357 

which is comparable with a value of 1311 (item 44) in 
which the effects of fuel and reheat were neglected. 

From equation (2) and items 60 and 5 

61. i/zp/il/a, thp/ (slug/sec) 1808 

and using items 25 and 60 gives 

62. Wf/F, (lb/hr)/lb 1. 234 

and items 25 and 61 give 

63. Wf/thp, Ib/thp-hr 0. 926 

TURBOJET-ENGINE PERFORMANCE 
In order to illustrate the performance and some of the 
characteristics of the turbojet engine, several cases are pre- 
sented. First, the characteristics of a turbojet system 
operating with fixed component efficiencies over a range of 
flight and engine operating conditions are discussed. These 
characteristics pertain to a series of turbojet engines whose 
design-point conditions at any operating point are equal to 
the given conditions at that operating point. Second, the 
characteristics of a turbojet engine with a given set of 
matched components operating over a range of flight and 
engine operating conditions are discussed. For this case a 
method of matching components and determining the inter- 
relation between component characteristics and their effect 
on ovei-all engine performance, as operating conditions vary, 
is presented. 

DESIGN- POINT ENGINES 

For the purpose of illustrating the manner in which the 
thrust per unit mass rate of air flow and the specific fuel 
consumption are influenced by compressor pressure ratio, 
combustion-chamber-outlet temperature, flight speed, and 
ambient-air temperature, the following fixed parameters are 


assumed : 

Compressor adiabatic efficiency, tjc 0 . 85 

Turbine total efficiency, 77 < 0 . 90 

Combustion efficiency, rjb 0. 96 

Exhaust-nozzle velocity coefficient, Cr 0 . 97 

Lower heating value of fuel, h, Btu/ib 18, 900 

Correction factor, e 1 . OO 


These compressor and turbine efficiencies are not unrea- 
sonably high when it is considered that in the definition of 
these efficiencies the compressor and the turbine are credited 
with the kinetic energy of the gases at the compressor and 
turbine outlets, respectively. 


The comjiuted turbojet performance in this illustrative case 
includes the effect of the mass of added fuel. 

The values of component efficiencies and e for any given 
turbojet engine vary wdth altitude and flight speed. In the 
present computations, the component efficiencies and e were 
assumed constant at the values listed. Computations were 
also made for a case in which the variation of e with com- 
pressor pressure ratio is considered. 

The specific fuel consumption and the thrust per unit mass 
rate of air flow plotted against the compressor pressure ratio 
for various values of combustion-chamber-outlet tempera- 
ture are shown in figure 8 for several combinations of ambient 
temperature and airplane velocity. A line for compressor 
pressure ratios giving maximum tlirust per unit mass rate of 
air flow (A"=l) is also included in the figure. Figure 8 (a), 



(a) Vo, 0 feet per second; To, 519® K. 

FiGURE 8.— Specific fuel consumption and thrust per unit mass rate of air flow for various 
compressor pressure ratios and combustion-chamber-outlet temperatures for illustrative 
case, (rjc, 0.S5: tj,, 0.90; rjb, 0.96; 0.97; h, 18,900 Btu/lb; €, 1.00) 

which is for of 0 foot per second and To of 519° R, includes 
a curve for Ti of 1060° K where the variation in e with 
P 2 IP 1 is considered. For this curve, constant values of 
^PdlPi of 0.03 and AP 2 IP 2 of 0.04 were chosen because these 
values give a value of e of 1.00 at a pressure ratio of about 
5.6. At pressure ratios greater than 5.6, the values of « 
are greater than 1.00. The value of compressor pressure 
ratio for a maximum value of is greater for the case 

whei'e € varies with pressure ratio than for the case where « 
is assumed constant, anti the peak value of F/Ma for the first 
case is slightly greater than that for the second case (fig. 8 (a)). 


F/yV/, , lb thrus f/(s lugs I sec) 
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(b) F«, 733 feet per second; To, 519° K. 

(c) V,. 733 feet per second; To, 412° K. 

Figure 8. — Concluded. 


The compressor pressure ratio and sj)eeific fuel eonsump- 
tioii ])lotted against thrust per unit mass rate of air How in 
figure 9 is a replot of figure 8. A scale of the power specific 
fuel consumption in pounds ])cr thrust horsepower-hour is 
added on figures 8 (b) and 9 (h), which are for 1 o of 783 feet 
])er second and Tq of ol9° K, and on figures 8 (c) and 9 (c), 
which are for ^ \ of 733 feet ])er second and Jo of 412^ R. 

It is illustrated in figures 8 and 9 that the minimum specific 
fuel consumption occurs at a higher compressor pressure 
ratio than maximum thrust per unit mass rate of air flow. 
When high thrust per unit mass rate of air flow rather than 
low s])ecific fuel consum])tion is the primary consideration, 
it is ai)i)arent from figures 8 and 9 that high comhustion- 
chamher-outlet teni])erat ures should be used. High thrust is 
the more important consideration in take-ofl, climb, and 
maximum-sj)eetl operation. 

The curves of figure 9 show that with no limitation on the 
compressor ])ressure ratio, as the combustion-(*haml)er-outlet 
temperature is increased from the minimum value required 
to ])roduce a thrust, the thrust per unit mass rate of air flow 
increases and the specific fuel consumption decreases until 
the tein])erature giving minimum specific fuel consumption 
is reached. Increasing the temperature further results in 
both increased thrust per unit mass rate of air flow and 
specific fuel consumption. This tem])erature for minimum 
specific fuel consumption is less than 1460° R for figure 9 (a), 



(rjr, 0.85: 0.90: Vb. 0.90; 0.97; h, 18.900 Btu/lb; e, 1.00) 


\VfjF, (lb fuellhr)! lb thrust 
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(b) Vo, 733 feet per second; To, 519® H. 

(c) Vo, 733 feet per second; To, 412® K. 

Figure 9.— Concluded. 


about 2210° li for figure 9 (b), and ]710° H for Rgiire 9 (c), 
indicating that at some conditions the temperature for 
minimum specific fuel consumption is less than the tempera- 
ture limit imposed by strength-temperature characteristics 
of turbine materials. 

If the available com])ressor pressure ratio is limited, the 
combust ion-cham])er-out let temperature for minimum spe- 
cific fuel consum])tion is sensitive to the other operating 
conditions. For exam])le, at a limiting compressor pressure 
ratio of 4, ininimum specific fuel consumption occurs at a 
temperature below the lowest values shown in figure 8. If 
the limiting comj)ressor pressure ratio is 8, the combustion- 
chamber-outlet temperature for minimum specific fuel con- 
sumption is just slightly less than the lowest tem])erature 
shown in figure 8 (c) for an ambient temperature of 412° R 
but approaches an intermediate value of approximately 
1710° R for an ambient temi)erature of 519° K (fig. 8 (b)). 
Although not shown, the optimum combustion-chamber- 
outlet teni])erature is also sensitive to the efficiencies of the 
components of the turbojet engine. 

In figure 10 (a), the power specific fuel consumption and 
the thrust per unit mass rate of air flow are plotted against 
airplane velocity at ambient temperatures of 412° and 519° R 
for the following cases: 

(a) Compressor pressure ratio chosen to give maximum 

thrust per unit mass rate of air flow (A'=l) 

(b) Compressor pressure ratio cliosen to give minimum 

specific fuel consumption 



Figure 10.— Performance at conditions for minimum specific fuel consumption and for jires- 
sure ratios giving maximum thrust per unit mass rate of air flow (X=l) for illustrative 
case. (T4, 1960° R; Vc 0.85; rj,, 0.90; rji, 0.96; C„ 0.97; h, 18,900 Btu/lb: e, 1.00) 
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(b) Conipressor pressure ratios and X at various airplane velocities. 
Figure lO.--Concludcd. 


The power speeifie fuel eousumption for ease (a) is between 
15 and 23 ])ero(>nt biglu'r tlian for ease (b) for airplane 
veloeities between 300 and 800 feet ])er second ; the percentage 
dill'erenee in jiower speeitie fuel consumption is greater at 
the lower airplane veloeities and at the lower anibituit 
temperatures. 

The thrust per unit mass rate of air flow is between 21 
and 31 percent higher for ease (a) than for ease (h) for 
airiilane veloeities between 300 and 80t) feet per second; 
the greiiter ])ereentage dilfei'enee in thrust ]ier unit mass 
rate of air flow occurs at the lower aii])lane veloeities and 
the lowin’ ambient temiieratures. 

The eompressor jiressure ratios and the values of A' that 
are associated with the performance values given in figure 
10 (a) are jirc'sented in figure 10 (h). The large increase in 
reejuired pressure^ I’atio from the condition of A 1 to the 
condition of minimum speeifie fuel consumption is noted. 

In figures 8 to 10, it was assumed that the compressor 
adiahafic eflieieney remains constant at 0.85 regardless of 
pressure ratio. As the desired ])ressure ratio is increased, 
however, it becomes increasingly difliciilt to design a com- 
pressor to maintain a high adiabatic efficiency; a reduction 
in compressor adiabatic efficiency may therefore, he expected. 
The reduetion in the obtainable comiiressor adiabatic effi- 
ciency with increase in jiressure ratio reduces the gains 
derived from increase in inessure ratio and heiieo reduces 
the value of the optimum pressure ratio. 

This condition is illustrated in figure 11 in which a turbojet 
engine ccjui])pcd with a multistage axial-flow compressoi 
having a polytropic efficiency nc.p of d.88 is considered. Flie 
other parameters of the turbojet engine arc the same as for 
fio’ure 8 (c). Figure 11 shows the over-all adiabatic efficiency 
of the compressor, the thrust specific fuel consumption of the 
engine, and the thrust per unit mass rate of air flow plotted 
against pressure ratio. The ])ressure ratio is increased by 


adding stages to the eompressor. Although the polytropic 
efficiency is held constant, the over-all coin])ressor adiabatic 
efficiency decreases with increase in pressure ratio. At a 
])ressnre ratio of 5, the eompressor adiabatic efficiency is 
D.85, the value used in the computation for figures 8 to 10. 
The dashed curves on figure 11 are taken from figure 8 (c). 
For the range of eomhustion-chamher-outlet temperatures 
Ti shown, the values of compressor pressure ratios for maxi- 
mum FjMa and minimum WfjF are lower for the case when 
the reduction in compressor adiahatie efficiency with in- 
creased jiressure ratio is considered than those for the case 
of constant eompressor adiabatic efficiency of 0.85. This 
change in pressure ratios for maximum FjMa and minimum 
WflF is more jironouneed at the higher values of Ti. 

The curves in figure 1 1 pertain to the increase in pressure 
ratio that is obtained by increasing the numher of stages. 
In a turbojet engine having a given compressor, an increase 
in pressure ratio is olhained by an increase in rotational 
speed. High rotational speeds are usually accompanied by 
a reduction in compressor adiabatic efficiency. This case is 
discussed in greater detail later. 



Figure il— Comparison of performance with constant rjc and with constant rjc.p at various 
compressor pressure ratios. (Vo. 733 ft/sec; To, 412® II; rjt, 0.90; rjb, 0.90; C*, 0.97; h, 18,900 
Btu/lb; €, 1.00) 
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The effect of increase in pressure ratio on turbine efficiency 
is a more complex matter and is not considered in detail 
herein. An increase in the number of turbine stages with a 
constant pressure ratio and efficiency per stage results in an 
increase in over-all turbine efficiency. There is a tendency, 
however, to design for increased pressure ratio per stage in 
addition to increasing the number of stages wlien increased 
over-all pressure ratios are desired, in order to economize 
on the size and the weight of the turbine. Operation at 
increased pressure ratio per stage may result in some reduc- 
tion in turbine efficiency per stage, which may offset gains 
obtained from the increased number of stages. The net 
effect on the over-all turbine efficiency depends on the 
compromise between ])ressure ratio per stage and number 
of stages. 

ENGINE WITH GIVEN SET OF MATCHED COMPONENTS 

Tlie points on the curves of figures 8 to 1 1 rela te to a series 
of turbojet engines in wliich the components are changed to 
provide (he desired characteristics at each point, it is of 
some interest to examine over a variety of opei'ating con- 
ditions the characteristics of a turbojet engine having a 
given turbine and compressor. 

The pei’formance chai'acteristics of the engine depend on 
the performance characteristics of the particular coni])ressor, 
combustion chamber, and turbine chosen; (he essential 
trends, however, may be demonstrated by a consideration 
of several illustrative cases. The characteristics of a typical 
turbine, centrifugal-flow compressor, and axial-llow com- 
pressor are shown in figures 12 to 14 followed by plots (figs. 
15 and 16) of the performance characteristics of two tmbojet 
engines incorporating these components, the first engine 
utilizing the centrifugal-flow comi)ressor and the second 
utilizing the axial-flow compressor. The characteristics of 
the components discussed are purely illustrative and are 
not to be interjireted as indicative of the best performance 
obtainable. The discussion is simplified by neglecting the 
mass of fuel in evaluating the turbine output and by assuming 
the pressure drop through the combustion chamber propor- 
tional to the combustion-chambei-inlet pressure. The 
errors introduced by these simplifications are too small to 
influence the basic trends illustrated. In tlie computation 
of the performance of the turbojet engines, the following 


parameters are assumed; 

Combustion efficiency, rib 0. 96 

Exhaust-nozzle velocity coefficient, C. 0. 97 

Lower heating value of fuel, h, Btu/lb Ig^ gOo 


The variation in e is taken into account in these calculations. 

Turbine characteristics. The performance characteristics 
of a typical single-stage turbine of low reaction are shown 
in figure 12. The mass flow of gas through the turbine is 
presented in figure 12 (a) by a plot of against pjpb,, 

at various values of the ratio of turbine-blade speed to tui-- 
bine jet velocity ulVf The turbine jet velocity Vt is de- 
fined as the theoretical jet velocity developed by a gas ex- 
panding isentropically through the turbine nozzle from 
turbine-inlet total temperature and pressure to turbine- 
outlet static pressure. The values of the upper abscissa 
V||^je^ corresponding to the values of p.lp^^, are obtained 
from the velocity equation 



The values of the upper ordinate MgVtlSi are obtained 
from the product of and For pressure 

ratio^ across the turbine greater than 2.5, the value of 
Mg'y/djd^ is constant (that is, choking occurs at the turbine 
nozzle) . 

The turbine total efficiency r)t is principally a function of 
the ratio of turbine-blade speed to turbine jet velocity ujVt 

ft /sec 




u/V, 


(a) Mass-flow characteristics. 

(b) Efficiency characteristics. 

Figure 12. — Characteristics of single-stage tui bine. 
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and to a lesser extent a function of the pressure ratio and 
Reynolds number. The relation between total efficiency, 
blade-to-jet speed ratio, and pressure ratio is given in fig- 
ure 12 (h), the Reynolds nunilier effect being omitted in this 
analysis. The turbine-shaft efliciency t?,.*, also shown in 


figure 12 (h), is defined as 

Vt.s = 


550 Ft_ 


(0) 


In this defiidtion the turbine is not credited with the kinetic 
power corresponding to tlic average axial velocity of the gas 

at the turbine outlet. In the plot of against ujV , in 

figure. 12 (h), the effect of is so slight that only a sin- 

/ 

glc curve is shown. The faciovs^Jy i\m\ 'u/Vt are single- 

valued functions of each other. 

Compressor characteristics. —In compressor practice it is 
convenient to define the slip factor Kc as 


._550 Pc 


( 7 ) 


The conventional presentation of performance curves for a 
typical centrifugal-flow compressor is given in figure 13 and 
for an axial-flow compressor in figure 14. The compressor 
pressure ratio jh/jh, adiabatic efliciency rje, and slip factor 
Kc plotted against mass-flow factor for various 

values of tip-speed factor 




As the tip speed of the centrifugal-flow compressor in- 
creases (fig. 13), both the pressure ratio and mass flow can be 
increased, however, the compressor efficiency decreases. At a 
given tip speed, a reduction in mass flow by throttling the 
compressor outlet results in an increase in j^ressure ratio and 
efliciency to ])cak values. vSt ailing of the compressor accom- 
panied by surging of the flow occurs at excessive throttling to 
the positions indicated by the surge line. 

The characteristic curves for the axial-flow compressor 
(fig. 14) are similar in trend to those for the centrifugal-flow 
compressor with the exceptions that high efficiencies can be 
obtained at the high tip speeds; operation at a given high tip 
speed is limited to a much narrower range of mass flow; at a 
given tij) speed, ])ressure ratio and efficiency decrease more 
rapidly from the optimum value with change in mass flow; 
and the value of the slip factor Kc varies appreciably from 
unity. 

The axial-flow compressor shows less loss in efliciency than 
the centrifugal-flow compressor with increase in pressure 
ratio in the range of operation shown. The axial-flow com- 
pressor has the advantage over the single-stage centrifugal- 
flow compressor in that it can be designed to maintain high 
over-all efliciency at any desired pressure ratio by providing 
a sufficient number of high-efliciency stages. For the 
centrifugal-flow compressor, an increase in pressure ratio is 
obtained by an increase in tip speed and hence velocities at 
the impeller exit, which are in the transonic and supersonic 
ranges, are eventually involved. The problem arises of con- 
verting efficiently these high velocities into pressure in the 
diffuser section of the compressor. 
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Matching turbine and compressor. — A compressor and a 
turbine selected for the engine have to he so matched that 
the mass-how factor of the turbine is consistent 

with that of the compressor when the compressor is 

operating at its design point and the engine is operating at 
design temperatures, flight speed, and altitude. The mass- 
flow factor of the turliine being a function of turbine-nozzle 
area necessitates this area to be adjusted to give tlie desired 
turbine mass-flow factor. 

Tlie tiu*l)ine, whose cluu’acteristics are presented in figure 
12, is already matched with both the centrifugal-flow and 
axial-flow compressors for a design-point temperature ratio 
TJ1\ of 4.0. The sizes of the compressors were specially 
chosen so that the same turbine could be matched with ])otli 
compressors. The design point of each compressor was 
chosen at the maximum tip-speed factor and at a 

pressure ratio permitting operation sufficiently far from the 
surge line to insure stable operation over a wide range of 
conditions off the design point. For the centrifugal-flow 
compressor, the value of the design pressure ratio is 4.1, and 
for the axial-flow compressor it is 3.3. 

The lines of constant temperature ratio 7\U\ for a matched 
compressor and turbine set an* included on the plots of figures 
13 and 14. These lines are obtained as follows: When the 
difference between Ma and Mg is neglected. 

Pi Pi\Ti Pi 

If r represents the ratio of the drop in coinbustion-chainber 
total pressure Jto4he comp 2 -essor-outlet total jjressure, then 


or 


P4=ii—r)p.2 


Hence 

May^\ 

Pi 



or 

Mall 01 
5i 


(8) 


At rotor speeds of the turbojet engine where chokiiifr of 
the flow at the turbine nozzle occurs, the value of 
becomes constant (for example, in the region of pressure 
ratios pjjh,, above 2.5 for the turbine as shown in fig. 12 (a)). 
When this constant value of is substituted into 

equation (8) and a value is assumed for r, it is possible to 
compute the value J\ll\ for desired design values of Ma-y[djh\ 
and P 2 lp\. In the nonchoking zone, the value of Mg-^rejbi is 
not so easily determined and the more general method 
described in ap])endi.\ C is used. 

Engine with centrifugal-flow compressor. — In a turbojet 
engine, the compressor power is equal to the turbine power; 
hence from e(j nations (G) and (7) 

V.%., (9) 

(The difference between Ma and Mg has been neglected.) 
The factor B, which is the ratio of the compressor tip speed U 
to the turbine-blade speed u, is a constant for any given 


turbojet engine; so eciuation (9) l)ecomes 

Any value of thus detei’inines the value of 

hence, from figure 12 (b), determines the values of u/V, and 
also determines the values of rn and r;,.* when the effect of 
l)ressure ratio across the turl>ine is neglected. A value of B 
equal to 1.275 was chosen for the engine with a ceuti ifugal- 
flow compressor. For a comprc'ssor for which Kc is nearlv 
constant, the turbine 0])erates at nearly constant blade-to-jet 
speed ratio and hence nearly constant turbine efficiency over 
the entire operating range of the engine. For example, over 
the opci’ating range of the centrifugal-fiow compressor under 
discussion, the value of the slip factor Kc varies between 0.80 
and 0.95. The corresponding turl)ine total efficiencies 
obtained from equation (10) and figure 12 (b) are shown 
])lotted in figure 13 for two values of Pi!pi,s- The value of 
is substantially constant over the entire range of operation, 
as shown in figure 13. 

At any given rotative speed and compressor-inlet tempt'ra- 
ture Ti, increasing the combustion-chamber-outlet temp(‘ra- 
ture Tt is equivalent to thi-ottling the eoinpvessor. This 
increase in causes an increase in compressor pressure ratio 
and adiabatic efficiency until peak values are reached. E.\- 
cessive combustion-chamber-outlet temperature carries opew- 
atioii past peak conditions to surging. 

Oi)cration at any point shown in figure 13 at given flight 
conditions requires a specific e.xhaust-nozzle area. Thus 
every point in figure 13 is a possible operating point provided 
the turbojet engine is equipped with a variable-area exhaust 
nozzle. 

When the engine is provided with a fixed-area exhaust 
nozzle, then, for any given flight Mach number, opei-ation 
at any one tip-speed factor is limited to one value of 

P 2 /Pi- For the engine equipped with the components shown 
in figures 12 and 13, an exhaust-nozzle area of 1.42 square 
feet is I’equii'ed for operation at the design conditions 
ip 2 /pu 4.1; TVV^, 1600 ft/sec; TJT„ 4.0; ^md Y, 0.1). 
k igure 13 shows the lines of operation of the engine equipped 
with a fixed-area e.xhaust nozzle for values of Fof 0 and 0.1. 
(Tile method used to determine these lines is described in 
appendi.x D.) In the region of high rotative speeds, the 
jet velocity becomes supersonic so that the exhaust nozzle 
is choked and the fi.xed-area lines for the values of Y merge 
into a single curve. For a fixed-area e.xhaust nozzle at any 
given value of Y and comi)i-e.ssor-inlet temjierature 1\, any 
change in the combustion-chamber-outlet temperature is 
accompanied by vailations in and p^lpi. In the 

practical range of operation, an increase in Ti can only be 
obtained by increasing tip speed and compressor pressure 
ratio. 

The thrust factor^F/^i, the thrust-per-unit-mass-rate-of-air- 
flow factor FjMa^ldi, ami the thrust-specific-fuel-consuinption 
factor Il/./F-y/ffi the turbojet engine plotted against mass- 
flow factor Maydjhx in figure 15 correspond to the conditions 
shown in figure 13 for values of Fof 0 and 0.1 (that is, flight 
Mach numliers of 0 and 0.707, respectively). The values of 
Fjbi and F/Maijdi increase appreciably with increase in 
TJT,. 
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At the high tip speeds, F/ A for constant TJTi decreases 
with increase in This effect is a conseciiience of the 

reduction in coinjiressor efficiency that offsets the effect of 
increased pressure ratio when increased. This 

effect is more pi’onounced the lower the value of Tj7i. 
The thrust factor, wliich is the jiroduct of F/Ma-^Oi and 
is largely influenced by the increase in mass-flow 
factor that accom])anies the inci*ease in f / V^i- -^1 higher 
values of the thrust factor continues to increase with 

increasing at intermediate values of TJ1\, the thrust 

factor peaks at the higher w'hereas at the lower values 

of TJ1\, the thrust factor is decreasing at high values of 
Every point on figure 15 is a possible operating 
point if the engine is provided w'ith a variable-area exhaust 
nozzle. A line of fixed-area-exhaust-nozzle operation is also 
shown in figui-e 15. 



For an engine with a fiX(Hl-area exhaust nozzle, the specific 
fuel consumption over the entire operating range of the engine 
is shown by the dotted lines on the specific-fuel-consumption 
plot in figure 15. The point ofjninimum IF/ corre- 
sponding to any value of oi’ generally 

does not fall on a fixed-area line. The Wf|F^[Q^ curves 
illustrate this statement for values of TJTi. Further verify- 
ing this statc'inent for the other quantities mentioned reciuires 
locating lines of constant /7/V^ or Fjbi on the specific-fuel- 
consum])tion curves. (These lines were omitted from the plot 
for clarity.) In order to obtain these points of minimum 
spe(‘ific fuel consumption, a variable-area exliaust nozzle is 
required. 

A variable-area exhaust nozzle also permits obtaining 
maximum F/5i when values of TJ1\ greater than 4.0 are 
possible and the maximum r/-\^ is limited. 

In many cases for a given f ininimum H 

occurs at an intermediate value of TJT\ even though r]c and 
P 2 IP 1 are less at this intermediate TJ7\ than at a higher 
T 4 IT 1 . This occurrence becomes evident if lines of constant 



Figure l5.-rorfoimance of turbojet engine with'ccntrifugal-now compressor. ( 776 . 0.96; C„ 0.97; h, 18,900 Btu/lb) 
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U|^lBl arc plotted on the curves of figure 15. The 

occurrence of minimum specific fuel consumption at an inter- 
mediate temperature was anticipated from figures 8 and 9. 
Decreasing the turbine-nozzle area (which reduces the mass- 
flow factor) shifts all temperature lines (fig. 13) toward the 
surge line, and the T^jTi value corresponding to any point 
on the compressor curves is reduced. This change in turl)ine- 
nozzle area enables an optimum Wf|F^jBl at any U|^[Bl to 
be obtained because operation at the best combination of 
TaITi, 7)cj and 2 ) 2 ! P\ can be realized. 

Changes in turbine-nozzle area can also be used to improve 
the thrust factor at any desired engine operating conditions. 

From the foregoing discussion, it is evident that in order 
to obtain the ultimate in either thrust or specific fuel con- 
sumption from a given engine, a variable-area turbine nozzle 
as well as a variable-area exhaust nozzle are necessary. 

Engine with axial-flow compressor. — Figure 14 shows the 
performance characteristics of the axial-flow compressor 



Figure 16.— rerforniance of turbojet engine with axis 


used in the second illustrative turbojet engine. At high tip 
speeds, because operation at any given tip speed is limited 
to a much narrower range of mass flow for the axial-flow 
than for the centrifugal-flow compressor, the turbine-flow 
area must be designed with greater accuracy for the axial- 
flow than for the centrifugal-flow compressor to obtain a 
proper match of turbine and compressor characteristics at 
the design point. 

The variation of the factor Kc is much greater for the 
axial-flow than for the centrifugal-flow compressor. At the 
high tip speeds, however, the variation in Kc for the axial- 
flow compressor is sufficiently limited in the practical oper- 
ating range to provide nearly constant turbine efficiency. 
The turbine total efficiency curves in figure 14 were obtained 
from figure 12 and equation (10) and pertain to a turbojet 
engine incorporating the turbine and the axial-flow compres- 
sor characterized by the data in figures 12 and 14, respec- 
tively. A value of B equal to 0.97 was chosen for the engine 
with an axial-flow compressor. 

The lines of constant T^ITi for this engine w^ere computed 
in the manner described in appendix C from the data of 
figures 12 and 14. The lines for an illustrative fixed-area 
exhaust nozzle An of 1.03 square feet are also shown. 

The values of Fjbx, that are shown 



l-flow compressor. ( 17 1 , 0.96; C., 0.97; h, 18,900 Btu/lb) 
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in figure 10 for the turbojet engine correspond to the data 
of figure 14 . The ininiinuin value of the speeific-fuel- 
consuinption factor in figure 10 (a) is obtained at a / 4/ / 1 value 
of 3.0 and in figure 10 (b) at a TJTi value of 3 . 5 . In l)olh 
cases, ininiinuin sjiecihc fuel consuin])tion occurs at the 
highest tip-speed factor shown. The fact that compressor 
efhciency does not fall off with increase in tip speed in the 
range shown contributes to the occurrence ol minimum 
<d high 

For a turbojet engine with a fixed-area exhaust noz/de 
o])erating at a constant flight Ma(‘h number ((‘oustant value 
of }"), figures 13 and 15 or 14 and 10 indicate that the factors 

7V2\, and plotted against 

Uj should result in single curves regardless of the altitude 
of operation (that is, regardless of ambient pressure and 
teni])erat lire) . These single curves occur in ])i*actice lor all 
factors except the s])ecific-fuel-consumi)t ion factor. In this 
case, the assumptions of a constant (‘ombuslion efhciency 
and a constant sjiecific heat of gases during combustion for 
a given 7V7\ that are recpiired for such correlation arc not 
valid in actual operation. 

The ])erformance of the two ilhisti’al i ve turbojet engines 
presented lierein is not indicative of the best ])erformance 
obtainai)le with this type of engine because no atteinjit was 
made to pick components with optimum characteristies. 
The purpose of tlie discussion ol these illustrative engines is 
primarily to jirovide some insight into the manner in which 
the ])erformance chai'acterist ics of the comiionents influenced 
the performance of the engine, and some understanding of the 
basic characteristics and limitations ot the turbojet engine. 

CONCLUSIONS 

For a series of turbojet engines in which the appropriate 


coni])ressor and turbine are used for given operating con- 
ditions, the following conclusions may be drawn: 

1. An increase in combustion-chamber-outlet temperature 
causes an increase in thrust. An optimum temperature 
exists, however, at whicli minimum specific fuel consumption 
is obtained. This temperature for minimum specific fuel 
consumption is at some conditions less than the temperature 
limit iiu|)osed by strength-temperature characteristics of the 
materials of current turbojet engines. 

2. Ma.ximuni thrust per unit mass rate of air flow occurs at 
a lower compressor ])ressure ratio than minimum specific fuel 
consunijition. 

For a turbojet engine with a given set of matched com- 
ponents, the following conclusions may be drawn: 

1. The turbine efhciency remains substantially at the 
design value even when the engine ojierating conditions vary 
ajipreciably from their design values. 

2. At a given flight s])eed and altitude, a fixed-area exhaust 
nozzle limits engine operation to a fixed relation between 
rotative sjieed and combustion-chamber-outlet temperature. 

3. The use of a variable-area exhaust nozzle permits 
engine operation over a wide range of engine rotative speeds 
for each combustion-chamber-outlet temperature. The use 
of this type nozzle, as contrasted vith the fixed-area nozzle, 
tlius permits independent adjustment ot the engine rotative 
speed and the combustion-chamber-outlet temperature to 
obtain lower s])ccific fuel consumption over a range of thrust 
values. 

Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronaltics, 
Cleveland, Ohio, June 1 , 1946 . 


In adtlition to those synil)oIs previously (lefiiied, the 
following symbols are used in these equations: 

Cp average speeifie heat at constant pressure of gases 
during combustion process, Btu/(slug)(°F) 

This term, when used with temperature ehange 
during combustion, is used to determine fuel con- 
sumption, 

Ra gas constant of air, 1716 ft-lb/(slug)(°F) 

Re gas constant of exhaust gas, ft-lb/(slug)(°F) 

X' factor defined as equal to J or(Z) 

W th ideal work for adiabatic process, ft-lb/slug 

(The e(j nation numbers correspond to those in the deriva- 
tion given in appendix B.) 

Figure 2: 

7 „ 

L ^2Jcp,aOl9 V "'Y To) \ (B70) 
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Flight Mach number 
Figure 3 (a): 


~V( 


(’'•Vf) 


Figure 3 (b): 
Figure 3 (c): 


(Tc 1 9 

) (f4^) (B46) 


-T-) (B72) 
(B45) 


RjTi 


R. 


where values of W,^/RgTi are obtained from reference 8. 


(B52) 



V, V^l + Yj 

(B20) 


/Pi\ _r T/ 1 

\pjref U'’"' 7’oVl + rjJ 

(B66) 

Figure 5 (a): 



T/ 519 

^^|c/ To " 



y 2Jcp,aOl9 





(B43) 

7a 

where X' is equal to (X) 


Figure 5 (b): 


(B64) 


■I qZ Cp Q 

Figure 6: 

//2 = Cp_aTo(l -\-Y-\-Z) 

(B36) 

The Ti corresponding to the enthalpy II 2 is obtained from 
reference 6. 

Figure 7: 

T T<^ 

32.2A 

(B33) 


where Cp is determuied from reference 7. 
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APPENDIX B 

DERIV.4TION OF PERFORMANCE EQUATIONS AND MISCELLANEOUS EXPRESSIONS 


From the momentum equation, the net jet tlirust when the 
efl'ect of mass of added fuel is negloeted is 


F=Ma{Vj-V„) 

and when the mass of added fuel is included 
F=.\fa{Vj-Vo)+.m.Vj 
The thrust horsepower developed hy the jet is 

By definition, the turbine total efriciency is 
550 Ft 


vr- 


(1 1^1 - (1 + f ) ^ 


(Bla) 

(Bib) 

(B2) 

(B3) 




550 Ft 


2 


(B4) 


For simplification, the etfect of added fuel is neglected by 
dropping the term / in equation (B4). Tlie effect of the 
presence of fuel on jet velocity T j can be taken into account 
in the subsequent equations and in the charts for Vj by 
using, for the value of the product of the turbine efficiency 
rjt and (1+/) inasmuch as the quantities rjt and/ appear 
only as the product in equation (B4). Now 




y. 




The jet velocity (when the eflcct of reheat due to turbine 
losses, which occui-s in the further expansion of the gases 
from turbine-outlet static pressure to ambient-air pressure, 
is neglected) is given by 

When equations (Bo), (B6), and (B7) are substituted into equation (B4) 


and when the last term is expanded into a series 

-I'.-i 


V Ih / 


Apa 

Pi 


(B5) 


(B6) 


for small ' • Because only enough turbine power is removed 
Ih 

to drive the compressor 

Pt=Pc (B7) 


2 


(B8) 


Let 




7,-r 

^p.g 

\f 

>o\ 

h/ 



7o-l" 

Cp,a 

Vf 

hj 


(B9) 


and 


7,-1 


...iinv")- 


K' = 


(BIO) 


When equations (B9) and (BlO) are used in equation (B8) 


V=c. [i-(|)-‘] (g)"' ' (^-^) t 


(BID 
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The total temperature at the compressor inlet (which is 
equal to the total temperature of the inlet air) is 




(B12) 


The ideal stagnation pressure corresponding to this 
total temperature is 

To 

Pui^Vo (l +2Jc°,aTy'‘ ' 


Define 


so that 


Y= 


and 


■2JCp.aTo 

Ti^rod+F) 


Pu 


(B14) 


(B15) 


(B16) 


The compressor-shaft horsepower expressed as a function 
of compressor-inlet temperature and pressure ratio is 


^p,a ^ 1 I / P^\ 1 I 

55077 , J 


(B17) 


where the specific heats of air during the compression process 
are assumed constant. Because of this assumption, the 
value of the compressor-shaft horsepower calculated from 
equation (Bl7) for a given pressure ratio, inlet temperature, 
and efficiency is slightly greater than the actual compressor 
power. The deviation increases with increasing pressure 
ratio and inlet temperature. For values of Ti up to 550° K 
and P 2 IP 1 up to 40, the maximum error in compressor work 
is about 1 percent. 

Define 


550P. 


so that substituting equations (B15) and (B17) into equa- 
tion (BI8) results in 


or 

Now 
so that 


,^-(1 + 30 [(&)’■ - 1 ] 

Ttt Tg 

2 ? I VcY '^'•'.-1 + 


from which 


Pi=Pi.i—^Pa 

Pl^VlA_^ Pi 
Po Po Pi Po 


Pi 


PlA 

Po 


Po lAr^Pii 


Pi 


When equation (Bl6) is used in equation (B23) 


£l=U±Z>l' 

Pi 


Equations (B20) and (B24) are combined so that 


2o_. 


1 + 


^Pd 

Pi 


P 2 


Therefore 


Expand 


{l + Y+r,,Zy 


y,-l 

l 2 Zl I AyA r. 

W 1 + Y+vcZ 


T.-l 


(B18) 




1 


7 a — 1 ^Pd 


AlaJCp aTo 

When equations (Bl8), (B25), (B26), and (B27) are used in equation (Bll) 


7 a Pi 

which is accurate for small values of Api/p,. 


(B191 

(B201 

(B21) 

(B22) 

(B23) 


(B24) 


(B25) 


(B26) 

(B27) 


n--^'AJcp,aTo-d Y-\-ncY / 7 a— l\/ApA 1 "] ^ 4 / 7 ^— 1 \ 

Li+Tw-(.-^7d 1 + r+,.z j-^ r. {—) 


Ap2 

P2 


Cdr )( i ?)' 


_l + F+r;.Z 1+F+7 )cZ _ 


_z 

Vt 

(B28) 

The term involving the product of the pressure-drop ratios ~ ^ can be neglected, so that equation (B28) becomes 
V To'i+Y+ri,Z To V 7 a ) \ Pi ) l + Y+tjcZ ToV 7 a )\P 2 /l + Y+r]cZ rj, ^ 
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The factore is defined by the equation 


V. 


V 'i{ \ + Y-CvcZ 


1\ Y+r,,Z Z 


Vt 


(B30) 


from which 




(B31) 


When equations (lidO) and (B14) are substituted into 
equation (Bla) 


J 

M. 


vr) (B32, 


FUEL CONSUMPTION 


The expression for the fuel-air-ratio factor to obtain a rise 
in total temperature in the combustion chamber from to 
T, is 


(B35) 

If equations (B35), (B14), and (Bl8) are used in equation (B34) 

Il2=c,M\ + Y+Z) (B36) 

Now 7\ is a function only of Ih 

T2=4>{n2)=<t>{c^,aTo[l + Y+Z]) (B37) 

and the T 2 corresponding to the enthalpy II 2 is obtained 
from reference 0. 

PRESSURE RATIO FOR OPTIMUM THRUST PER UNIT MASS RATE OF AIR 

FLOW 

For a given Vo, To, 7\ rje, Vi, and and neglecting the 
change in e due to a change in rjcZ, the maximum thrust per 
unit mass rate of air flow with respect to compressor power 
input (or pressure ratio) is obtained from equation (B32) 
when 


Mj 


diveZ) 


= 0 =€ 


1 


1 


T, 

Tfj {IYYYVcZ)^ ricVt 


’ 71 ./ = 


32.2/i 


(B33) 


wIk'I'c values of Cp are detenniiied from reference 7. 
From the conservation of energy 

7/2 =//o+ 2J + M^J 


(B34) 


vdicrc II 2 is the enthalpy of the air corresponding to the 
compressor-outlet total temperature T 2 in Btu per slug. 
(Zero enthalpy is arbitrarily fixed at absolute zero tempera- 
ture.) The symbol Ilo is the enthal])y of air corresponding 
to the ambient-air temperature 7 q in Btu ])cr slug and is 
given bv 


from which 


1 + I^+ iVeZ) Tef— ‘ 


T4 


(B38) 


(B39) 


(The term (vcZ)ref is used to designate the value of rj,Z for 
which P'/Ma as given by equation (B32) is a maximum.) 
Factor A'' is defined by the relation 


A" = 


l + 7+r,,Z 


1 d“ T-(- iVeZ) re/ 


hence 


l + Y+r,cZ=X'^' 


T, 


(B40) 


(B41) 


JET VELOCITY AND THRUST PER UNIT MASS RATE OF AIR FLOW IN TERMS OF FACTOR A' 


Wlien equation (B41) is used in equation (B30) 


2jCp,aTo I ^4 I V ^0 


cry 


VcVi 


1 


VcVie 


To\ 


/ T4 




SO that 


Vj^^w \2Jcp,a^l9^l rjeVt^ 7 

which when using equation (B14) can also be WTitten as 


T 

0 


(B42) 


In terms of A'', equation (B32) becomes 


(B43) 


F /5I9 

d/„\ 7o 


\ 2JCp,aOl9 





+ 1 + T- 



(B44) 
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EVALUATION OF COKKECTION FACTOR t 

The factors a and b are 


Mh 1 


(B45) 


1 7. J\Y+r,cZj 

Apa 1 

P2 ' 

v\ )(r-Rcz) 

(B40) 


and 


Wlien ('qiiations (B45) and (B46) are substituted into 
equation (B31) 

(=K-Ka-K'b (B47) 

The terms K and K' are close to unity in value, wlicreas 
the values of a and h are small in comijarison with unity; 
therefore, only a very small error is introduced by letting 


e = K—a — b 

The quantity c is defined as 

c = A'— 1 

then 

€= 1 — a — b-\-c 

Now, from'equation (B9) and reference 8 


K= 


RgT 4 


1 

r 



Wa-l/l 

L \p2/ _ 


Ji. 


(B48) 

(B49) 

(B50) 

(B51) 


where the values of WthlRgTi arc obtained from reference 
8. These values [correspond to the temperature T, and 
pressure ratio P 2 IPQ. Therefore, 





RgT, 

( "“ 1 ) 


\Ta— 1/ 

Vzh/ J 




(B52) 


CORRECTION FOR REHEAT ACCOMPANYING IRREVERSIBILITY IN 
TURBINE 

The actual jet velocity including reheat in the turbine is 
given by the equation 






(B53) 


The static gas temperature at the turbine outlet is T’s,,. 
From equation (B53) the following equation in terms of 
differentials is obtained: 


\Mien equation (B53) is used in equation (B54), 




i dV ~(~ — V ^ 


(B54) 


(Bo5) 


The independent variable is therefore 
For small values of AT^_, 

AVj^dVj 


(B56) 


If these expressions for dT^,^ and dV^ are used in equation 
(B55), 

The amount of reheat A7\, is equal to 

Qt 0 

whereas the static gas temperature at the turbine outlet 

5501\ 




2Jc 


(B59) 


In equations (B58) and (B59), the effect of added fuel on 
gas flow through the turbine is neglected (that is, Ma=Mg). 

IMien equations (B7), (Bl4), and (BI8) are used in equa- 
tions (B58) and (B59), 

,B00, 

T,..= T,- 1\Z ToT (B61) 

and wlion equations (B60) and (B61) arc substituted into 
equation (B57), 


AF 

Vj 




rp rp y ^p,a Fs rp 


P.a 

P.g 


(B62) 


or 




w,jQi(S)ia-o 

Vj T, c,,g_ VIY 

T,Z C^.a F/Z 


(B63) 


Tlie y 2^ iii the denominator is small in comparison 
T c 

^th ^2 ^ neglected, resulting in 


AF, 

f; 


T4 1 


(B64) 


DERIVATION OF MISCELLANEOUS EXPRESSIONS 


(a) The reference pi'cssurc ratio (p 2 lp\)re/ corresponding to 
any values of Fand of {r),.Z)^ef from equation (B20) is 


/ Pi\ _r I + F-b (ricZ) ref\ T'.-l 
\pjre, L 1 + F J 


(BOS) 
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(c) The ideal ram pressure ratio given 
can be rewritten as 


by equation (B13) 


7a 



(B66) 

(b) From equations (B40), (B20), and (BG5) it 

is seen that 

7a-l 


Y'/ n P^IVl "1 7a 

L{P 2 llh)reA 

(B67) 

or defining the factor A' as 


II 

(B68) 

then 


Y P^IP' 

(l>2lPl)ref 

(B69) 




Po 

(d) The flight Mach n\imher is 
Flight Mach nuinber= y-y 


(B71> 




01' when equation (B14) is used in equation (B72), 

Flight Mach numher=-^^ '^ (B73) 
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APPENDIX C 


METHOD FOR DETERMINING CONSTANT Tj/T, OPERATING LINES OF MATCHED SET OF TURBOJET COMPONENTS 


The procedure for plotting lines of constant TtjTi on 
compressor-characteristic curves, as in figure 13, for a given 
turbojet engine is as follows: 

Equation (9) may be written 


r 1 Y' 

6»i 2 04 



(Cl) 


\Mien TijTi is eliminated between equations (8) and (Cl), 



Pl 04 V 2 


(C 2 ) 


The method of using equation (C 2 ) to obtain constant 
lines is illustrated for the turbojet engine with a 
centrifugal-flow compressor. 

1 . A point on figure 13 is selected at a value of C//V^ and 
of pilpi for which the value of Ti/Ti is desired. 

2 . The corresponding values of Ma^|e[|&^, K^, and an 
approximate value of rit are read from figure 13. 

3. An api^roximate value of j;, ^ from figure 12 (b) that 
coixesponds to the appro.ximate value of rji is used to compute 
an approximate value of u/Vt from equation ( 10 ). 

4. For a given value of r, the approximate value of 
MgVtIbi is computed fron^ equation (C 2 ). 

5. The value of corresponding to the values of 

and ujVt previously obtained, and the value of 
are read from figure 12 (a). 

6 . From equation ( 8 ), TijTy is computed. This value is a 
fiist approxunation and in most cases is sufficiently accurate. 

7. In order to evaluate a second approximation of TJTi, 
a new value of ujVt is computed from the identity 

_ Ul-yjfi iTi 
V, 


8 . From figure 12 (b), a new value of is determined 
from the new value of ujVt and the value of pjp^,, corre- 
sponding to the previous value of F,/V 04 as determined in 
step 5. 

9. Steps 4, 5, and 6 are repeated. 

In order to illustrate this procedure, the temperature ratio 
corresponding to a point on the centrifugal-flow-compressor- 
characteristic curve is evaluated. For the turbojet engine 
with a centrifugal-flow compressor, a compressor- tip-speed to 
turbine-blade-speed ratio B of 1.275 is used. 

1. The point at Uj^di of IGOO (ft/sec) and p%jpi of 4.0 is 
selected. 

2. Corresponding to this point, is 2.0 (slug/sec), 

Kc is 0.945, and the approximate t], is 0.85. 

3. The corresponding 47 ,,, (from fig. 12 (b)) is 0.80 and the 
value of u/V, evaluated from equation ( 10 ) is 0.51. 

4. For a value of r of 0.05, the value of AlgVJdi is 1295 
((slug)(ft)/sec^), as determined from equation (C 2 ). 

5. Corresponding to the values oj^ MgVjSi and u/V,, 

values of VJ^Je^ of 1295 (ft/sec), of 1.0 (slug/sec), 

and Pilps,,g of 2.92 are obtained from figm-e 12 (a). 

6 . A value of TtjTi of 3.61 is obtained using equation ( 8 ). 
This is the first approximation. 

7. From the identity 

UNey 1% 

F BVj^eCsT, 

a value of m/F, of 0.51 is obtained. 

8 . At this value of ujVt in figure 12 (b), values of t/i of 
0.85 and rj, , of 0.80 are obtained, which are the same as the 
values determined in steps 2 and 3 ; therefore no further 
approximations are necessary. 
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APPENDIX D 


METHOD FOR DETERMINING FIXED-EXHAUST-NOZZLE-AREA OPERATING LINES OF MATCHED SET OF TURBOJET 

COMPONENTS 


Useful eciualioiis for (lelermining the values of several 
paranicters needed iii tins inelliod are as follows. 


JO 


/ 

2jCp.,519 



(Dl) 


where 

Ps total pressure at tuiUiiie outlet, lli/sq ft absolute 

The mass How through the exhaust-nozzle area is e.xpressed 


as 




where 

p5 stagnation density at turliine outlet, slug/cu ft 


Thus 



Equation (J)2a) is used until the critical pressure ratio is 
M fd- 

reached. The value of remains constant thereafter as 

PolPb becomes less than the critical pressure ratio. The 
mass-dow-per-unit-area factor for critical flow is 


curve is outlined in the next section and illustrated for the 
case of a turbojet engine with a centrifugal-flow compressor 
operating at a value of T of 0.1. 

DETERMINATION OF DESIGN F^XH AUST-NOZZLE AREA 

When an ongino is e(|ui|)i)i'd witli a fixed-aroa exhaust 
nozzle, the size of the nozzle area used is generally that 
re(|uired for engine o]ieration at the design point. This de- 
sign exhaust-nozzle area is determined as follow's: 

1. Values corresponding to the desired design point for 

V2IPU U|^' 9 ,] TJTi, Kc, and an approximate value 

of 77, arc read from figure 13, and FIMaydi is read from 
figure 15 (h). 

2. The approximate value of t;,,, from figure 12 (h) that 
corresponds to the approximate value of tj, is used to com- 
]nite an ap]iroximate value of w/U, from equation (10). 

3. For a given value of the ratio of eomhustion-ehamher 
pr('ssur(* drop to (‘omhustion-(*haml)(U*-iidet pi(*ssiue r, the 
api)roximate value of .\fgV,/ 5 i is computed from equation (C2). 

4. The value of U/V^4, corres])onding to values of 
MgV,l&4 and u/U previously obtained, is read from figure 12 (a). 

5. The value of U/\^j is used in equation (D3) to calcu- 
late 05/04. 

G. Using the values of F/-V/„V^i and Y in equation (U4) 
gives 

7. From the identity 


2116 2T,, 

AA V Y*+ 

From energy considerations 


-( M'-"' 

1 Vy*+ 1/ 


(D2h) 


T-T 

2Jc,., 


from which 


04' 


(D3) 


4 2Jcp,gO\9\4,eJ 

The jet-velocity factor 

T- F V 
01 d/aV^l V^l 

which, when using ecpiation (1U4) and eciuation (to), becomes 

The procedure for determining the design-point exhaust- 
nozzle area and the locus of the fixed-exliaust-nozzlo-area 


V^5 



Vil/d] is calculated. Using this value in equation (Dl) de- 
termines PolP$- r- 

8. Using the value of p^lVb equation (D2a) gives * 

If the value of is less than the critical pressure ratio, 

AI -Jd- 

then the same value of — as occurs at the critical pres- 

\f -Jd- 

sure ratio is used. This critical value of * ^ is obtained 

A n ^5 


from equation (D2h). 

9. With a ram pressure loss assumed, the value of Pi/Po is 
determined from the value of Y and equation (Bl6). 

10. Idle value of /!„ is then calculated from the identity 


A„ 



\ 5. . 

)V 

'1\ 05 
'1\ 04 

■( 

. aa / 

(Pi^ 

\PoJ 
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DETERMINATION OF FIXED-EXHAUST-NOZZLE-AREA CURVE 

Once the design area has been found, tlie operational 
points of tlie engine witli the fixed-exliaust-nozzle area A„ 
have to bc_cleterniined at other rotational speeds. At any 
given the e.xhaust-nozzlc areas required for several 

operating points arc determined by the method just outlined. 
The operating point corres])onding to the design at a 
given U/tJBi is then detei’mined by intei-polation. This 
process is repeated for a sufficient range of values of Uj-yjdi 
and the line of fixed A„ is located. The difference between 
Ma and Afg was neglected in this procedure. 

In order to obtain the operating line of fi.xed for another 
flight speed, the procedure is rep('ated using the new value 
for Y. 

In order to illustrate the method, the exhaust-nozzle area 
for the engine with a centrifugal-flow compressor is evaluated 
for a design value of Y of 0.1 as follows: 

1. From figure 13, design-point conditions are; P 2 IP 1 , 4.12; 
T4/7’,, 4.0; A'Ia^Bi/5i, 1.96 (slug/sec); K^, 0.91; U/^[, 1600 
(ft/sec)j rii, 0.85; and from figure 15 (b) the corresponding 
FIMa^'B, is 1272 (lb/ (slug/sec)). 

2. Corresponding to 17, of 0.85, a value of vi.s of 0.80 is 
obtained from figure 12 (b). A value of u/V, of 0.52 is 
evaluated from equation (10). 

3. For a value of r of 0.05, the value of MgVijbi evaluated 
from equation (C2) is 1209 ((slug) (ft)/sec^). 

4. From figure 12 (a), (mrresponding to tliis value of 

MgVtISi, the values of F,/V^ of 1209 (ft/sec) and pijpi.s of 
2.50 arc obtained. The value indicates that the flow 

through the turbine is sonic. 

5. A value of Cp,g of 8.6 (Btu/(slug) (°F)) is assumed; 
tben from equation (D3), the value of B-'jBi of 0.831 is 
obtained. 

6. \ allies of FjAF-^Si and Y used in equation (D4) result 
in a value of F^/V^ of 2025 (ft/sec). 

7. A value of Fy/C„V^ of 1142 (ft/sec) is determined 
from the values of F^/V^,, BJB,, and T4/T1, and a value of C, 


chosen as 0.97. Corresponding to this value of VjlC,-{Bs, 
the Pijpf) determined from equation (Dl) is 2.25, which is 
greater than critical pressure ratio indicating that the flow 
through the exhaust nozzle is sonic. 

8. From equation (D2b) and values of 7 of 1.35 and Rg 
of 1720 (ft-lb/(slug)(°F)), the critical Mg^B^IA„B-^ of 1.516 
( (slug/sec) /sq ft) is determined. 

9. The ideal ram pressure ratio Pi.tlpo, olitaincd using the 
value of Y in equation (B16), is 1.396. With an inlet-duct 
pressure loss Apjp^ of 0.04 assumed, then p^fp^ is 1.356. 

10. From the identity 

(M^\ 

/A/g^/BA/pA/po\ 

\ ^nSs /\Po/\2h/ 

a value of A„ of 1.42 square feet is obtained. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 




Axis 

Force 
(parallel 
to axis) 
symbol 

Moment about axis 

Angle 

Velocities V 

Designation 

Sym- 

bol 

Designation 

Sym- 

bol 

Positive 

direction 

Designa- 

tion 

Sym- 

bol 

Linear 
(compo- 
nent along 
axis) 

Angular 

Longitudinal 

X 

X 

Rolling 

L 

Y >Z 

Roll 

0 

n 

u 


Lateral 

Y 

Y 

Pitching 

M 

z ^X 

Pi toil 

V 

Normal 

Z 

Z 

Yawing 

N 

X >Y 

Yaw 

u 

■A 

V 

w 

r 



Absolute coefficients of moment 

n ^ ynr ^ p ^ 

(rolling) (pitchmg) (yawing) 


Angle of set of control surface (relative to neutral 
position), d. (Indicate surface by proper subscript.) 


D 

V 

pID 

F' 

F, 

T 

Q 


4. PROPELLER SYMBOLS 


Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient Ot= 
Torque, absolute coefficient Oq= 


P 



a 

T 

V 

n 

pn^D* 

Q 

4> 

pn^D^ 



Power, absolute coefficient 

Speed-power coefficient = 
Efficiency 

Revolutions per second, rps 



Effective helix angle =tan“^ 



1 hp=76.04 kg-m/s=550 ft-lb/sec 
1 metric horsepower =0.9863 hp 
1 mph= 0.4470 mps 
1 mps =2. 2369 mph 


5. NUMERICAL RELATIONS 

1 lb=0.4536 kg 
1 kg=2.2046 lb 
1 mi= 1,609.35 m=5,280 ft 
1 m=3.2808 ft 


